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ABSTRACT
Plasmalemmasomes (PLSs) are intrusions of the plasmalemma into the cytoplasm and further
into the vacuole. A dramatically increased frequency of PLSs was found in mesophyll cells of
developing andmature spinach leaves sprayed with Ti-ascorbate as compared to the K-ascorbate
and water control. Some details of their early development are presented. The increased
frequency of PSs is discussed in the context of eustress, aquaporins and increased water-flux.
ARTICLE HISTORY
Received 29 January 2019







Plasmalemmasomes (PLSs) are known to be initiated as
omega-shaped small engulfings of the plasmalemma
(PL) into the cytoplasm. By their growth they reach
the tonoplast (T) and push it into the vacuole. From
this stage there are two compartments in them, periph-
erally a narrow symplastic phase between the PL and T,
while in the interior there is an apoplastic phase.
Formerly PLSs were suspected to be artifacts, but
freeze-fracturing disproved this supposition (Marchant
and Moore 1973). They were discerned from loma-
somes, which are the fusion products of exocytotic
vesicles with the PL. These two kinds of formations
were termed collectively paramural bodies (Marchant
and Robards 1968).
In this study we describe the inducibility of PLSs
formation, and the changes of their morphology during
their developmental progress from the PL to the vacuole.
Materials and methods
Seeds of spinach (Spinacia oleracea cv. Popey) were
sown in three plots in the experimental field of Faculty
of Horticultural Sciences, Szent István University,
Soroksár (Budapest). Six months later the plants were
sprayed either with 10 mg/L Ti (titanium)-ascorbate
(Titavit, patented by Pais and Fehér 1977), or with
K-ascorbate of the same ascorbate content, or with
deionized water in the different plots, respectively
(cca. 0.1 L/m2). Ti can be taken up effectively by plants
from the ascorbate complex. Spraying was repeated
three days later, then after another three days leaves
were sampled for electron microscopy.
Mature leaf pieces were fixed in 4% v/v glutaraldehyde
(0.035M phosphate buffer, pH 7.2) for 2 hours, postfixed
in 1%OsO4w/v for 2 hours, then contrasted in 2%uranyl
acetate for 30min.Developing leaf pieces (0.8–1 cmblade
length) were fixed in 2% v/v glutaraldehyde (0.05 M
cacodylate buffer pH 7.4 containing 10 mM CaCl2),
washed in the same buffer with CaCl2, postfixed in 2%
w/v OsO4 plus 0.8% K3Fe(CN)6 for 2 hours according to
Hepler (1981), then contrasted as the mature leaf pieces.
All samples were dehydrated in an ethanol series and
propylene oxide, then embedded in Durcupan ACM
(Fluka). Sections made with a Reichert-Jung Ultracut
E ultramicrotome were stained on grids (Pb-citrate),
then examined in a Tesla BS 500 electron microscope at
60 kV. Images taken on Forte Scifort films were printed
then digitized in an EPSON Perfection 1650 scanner.
Results
In developing leaves the osmium+ferricyanide fixation
increased the contrast of the plasmalemma (Figure 1),
which showed frequent invaginations after Ti-ascorbate
treatment (Figure 1(a)). These were narrow and curved,
their tip seemed to be in contact with their base, or
being fused with it, giving rise to concentric membrane
pairs along the PL. In the K-ascorbate and water con-
trols such invaginations were rare or absent, respec-
tively (Figure 1(b,c)). Apart from these there appear
dense deposits within or on the PL in the treated leaves.
In mature leaf mesophyll cells the Ti-ascorbate treat-
ment definitely increased the frequency of formations
easily identifyable as PLSs, which were much less abun-
dant or absent in the K-ascorbate and water controls.
Different developmental stages were recorded from
initiation (Figure 2(a)) through intruding (Figure 2(b)),
then detaching into the vacuole (Figure 2(c)). On the
periphery (between T and PL) there is a clear cytoplasmic
phase, in their apoplastic interior there are tubules and
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vesicles. Assuming that these formations develop from
further invaginations of the PL, their lumina may belong
to the symplastic (cytoplasmic) phase. The apoplastic part
sometimes contain fine fibrillar precipitate (Figure 2(b)).
Discussion
The increased contrast of PL after osmium+ferricyanide
fixation tells the origin of the membranous formations
being in contact with it. As these membranes are also
dense, they have to originate from the PL, rather than
from other intracellular membranes. The dense mem-
brane deposits in PL are of unknown nature. Similar
formations appeared inArabidopsis after cold treatment
(Ristic and Ashworth 1993), but this is not likely in our
case, as the spinach leaves were sampled in August.
The way of formation of early PLSs (in developing
leaves) has not been demonstrated hitherto (to our best
knowledge), and we summarize it in Figure 3. In mature
leaves we were not able to recognize these precursor
forms, here the simpler omega-shaped intrusions
occurred. The ontogenetic connection between the dif-
ferent forms of PLSs from the PL to the vacuole was
proven by immunolabeling of membrane-bound glyco-
proteins (Herman and Lamb 1992). On this basis we
regard the PLSs in Figure 2 as developmental stages, i.e.
initiation, growth, then sequestering (presumably diges-
tion) in the vacuole (Figure 2(c)).
Figure 1. Plasmalemma (PL) and early plasmalemmasomes (PLSs) in developing spinach leaves. a: Ti-ascorbate treatment, b:
K-ascorbate treatment, c: deionized water treatment. Arrows point to PLSs. CW = cell wall; P = chloroplast; Bars equal 0.5 µm.
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The function of the PLSs had been elusive until the
assembly of specific aquaporins (PIP1) was discov-
ered in them (Robinson et al. 1996). As another class
of aquaporins (TIPs) was localized in the T (rewieved
by Kaldenhoff and Fischer 2006), the close spatial
relationship of PL and T in the mature PLSs may
facilitate the water transport between the apoplast
and the vacuole.
The inducibility of PLS formation was reported
in different objects. In Chara cells the basic pH of
the medium increased the frequency of charasomes
analogous to PLSs (Lucas, Keifer, and Pesacreta
1986). In Helianthus stem a few days of water-
logging induced PLS formation (Ni et al. 2019).
In Rubia suspension culture cells different fungal
elicitors enhanced the occurrence of PLSs (Bóka,
Jakab, and Király 2002). In our experiments
reported here Ti-ascorbate had a similar effect in
spinach leaves. Considering that the controls
(K-ascorbate and water) had very low PLS frequen-
cies, it is the Ti which can be responsible for the
increase. Ti was found to have beneficial effect on
various developmental and physiological para-
meters of crop plants (Pais, Fehér, and Farkas
1979; Ram, Verloo, and Cottenie 1983).
However, not only Ti has beneficial effect, but also
other metal ions (Cd, Pb, Ni), or even DCMU, if
administered in a very low (sub-micromolar) concen-
tration (Nyitrai et al. 2003). The more toxic the agent,
the lower the stimulative concentration is. These
treatments caused stimulation (eustress) in bean and
barley seedlings, and a delay or reversion of senes-
cence in the ageing leaves of these species by activat-
ing the phosphoinositide – MAPK signaling pathway
(Nyitrai et al. 2007, 2009; Kovács, Nyitrai, and
Keresztes 2010). The positive effect of Ti-treatment
on crop yield (Kalinowski and Wadas 2017) fits well
into the scheme of eustress, i.e. the enhanced meta-
bolism. This necessitates an increased ion uptake
(Maróti, Pais, and Bognár 1984) accompanied with
higher water-influx, and this connects eustress to
more aquaporins in more PLSs. To induce eustress
Ti is a very suitable agent, as it is not toxic, so it does
not cause environmental problems.
Figure 2. Plasmalemmasomes (PLSs) in mature spinach leaves treated with Ti-ascorbate. a: PLS formation (arrow), b and c:
intrusion and detachment of PLSs into the vacuole (arrows). PL = plasmalemma; T = tonoplast. Bars equal 0.5 μm.
Figure 3. A partly hypothetical scheme for the development
of PLSs.
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